antinociceptive in a mouse model of acute postoperative pain. † Choline appears to have its antinociceptive action due to activation of a7 nicotinic acetylcholine receptors. † Choline inhibits TNF release from peripheral macrophages at high concentrations. † The concentrations of choline that inhibit TNF are not likely to be achieved in peripheral blood.
has reached mainstream clinical use. Acetylcholinesterase inhibitors that increase concentrations of acetylcholine to activate both muscarinic and nicotinic receptors have analgesic efficacy, but are restricted to neuraxial use and even this mode may be limited by nausea, vomiting, and sedation in some settings. 2 3 Systemic treatment with nicotine is effective in clinical trials, 4 -7 but is potentially limited by side-effects and concern for addiction. Nicotine activates a large family of nicotinic receptors, several of which have been implicated in its analgesic actions. 8 9 Nicotine's addictive potential is at least partially as a result of activation of a4b2 type nicotinic receptors on presynaptic terminals of the nucleus accumbens. 6 Activation of a4b2 type nicotinic receptors is also at least partially responsible for nicotine-associated nausea as it is recapitulated by the a4b2 selective agonist varenicline. 10 Nicotine also has potential dose limitations related to autonomic side-effects related to a3b4-containing nicotinic receptors in the sympathetic nervous system, but surprisingly, haemodynamic side-effects were not found in the clinical trials cited above. Studies in animal models have suggested that pharmacological activation of nicotinic receptors that contain a7 subunits decreases nociceptive responses in some settings but not others. Systemically administered a7 agonists seem to be preferentially effective in the setting of inflammation. Choline activates a7 nicotinic receptors, 11 reduces hyperalgesia in the late phase of the formalin test, but not in hot plate or tail flick latency tests. 12 Intraplantar choline is anti-and intrathecal administration of choline, a selective full agonist at a7 nicotinic receptors, is antinociceptive in a variety of pain models. 14 -16 Nicotinic a7-containing receptors are expressed in both central and peripheral sites. a7 nicotinic receptors are expressed by macrophages and monocytes where their activation attenuates the release of TNF and other downstream inflammatory cytokines. 17 The preferential efficacy of a7 nicotinic agonists in the setting of inflammation could be a result of modulation of the release of cytokines by local macrophages. Choline reduces TNF release from macrophages by activating a7 nicotinic receptors. 17 In the setting of inflammation, TNF sensitizes the NK1 receptor to substance P and other nociceptive stimuli. 18 19 We hypothesized that choline would reduce hypersensitivity after surgery through its action as a7 nicotinic agonist and that the antinociceptive effects of choline might be due to inhibition of inflammatory cytokines released by macrophages after surgery because choline appears to be particularly effective in models in inflammatory pain.
Methods

Mice
All experiments were approved by the Institutional Animal Care and Use Committee at Columbia University. Wild-type female C57/Bl6 mice were used at 6-10 weeks of age for behavioural experiments and macrophage extraction (Jackson Laboratories, Bar Harbor, ME, USA). Additional experiments were performed on both male and female global nicotinic a7 knockout mice and their littermates on a C57/Bl6 background. Both male and female animals were used due to difficult breeding and a limited number of animals available (Jackson Laboratories). Genotype was identified using a polymerase chain reaction (PCR)-based analysis from DNA extracted from tail snips, described in detail below. Each animal underwent behavioural testing with continuous infusion of choline at only one concentration. The mice were housed in groups of five and had free access to food and water in an American Association of Laboratory Animal Care-approved facility.
Postoperative pain model
All mice were tested before surgery for sensitivity to heat and punctuate mechanical stimulus. Those mice with abnormal sensitivity to heat (,6 or .12 s) or punctuate pressure (,15 g) were not considered for further study. The incisional model for postoperative pain was implemented following the procedure originally described in mice by Pogatzki and Raja. 20 Briefly, the mice were anaesthetized with isoflurane 1.5-2% from a nose cone. Adequacy of anaesthesia was determined as lack of pedal withdrawal response to paw pinch. The mice were allowed to recover from anaesthesia for 2 h before behavioural testing. There was a plan in place for animals that appeared to be in distress on emergence to be killed immediately. Animals that did not show adequate reduction in heat sensitivity (,4 s) or sensitivity to punctuate mechanical stimulus (,2 g) at 2 h after surgery were also killed. These values were determined in pilot studies as within 2 standard deviations (SDs) of the mean response. Control animals underwent a sham surgical procedure with administration of isoflurane and recovery but had no surgical incision. At the end of all experiments, mice were killed using carbon dioxide.
Pump implantation surgery
After paw incision surgery and behavioural testing 2 h after surgery, alzet mini-Osmotic Pumps (Durect Corporation, Cupertino, CA, USA) were implanted to provide continuous steady-state s.c. infusion of choline. The pumps were loaded with saline or choline (at sufficient concentration to deliver between 0.2 and 100 mg kg 21 h 21 according to device instructions).
Behavioural testing
Mice underwent behavioural testing as described below at the following time points: before surgery, 2 h after paw surgery (or sham)-before drug treatment and after 24 and 48 h of continuous choline infusion. We measured hind-paw withdrawal latency in the unrestrained mice, housed individually in clear plastic chambers as described previously. 21 The testing stimulus was 15% of maximal for the device and caused an average increase to 428C before movement. Response to a punctate stimulus and righting reflex were also tested as previously described. 21 22
Genotyping
Nicotinic knockout mice were a gift from Lorna Role at Columbia University. The breeding colony was derived from heterozygous matings of a7 nicotinic knockout mice on a C57/Bl6 background from Jackson laboratories that were originally created by Orr-Urtreger and colleagues. 23 24 The mice have no major behavioural or pain-related phenotype.
Littermates were studied without knowledge of genotype. DNA from tail clips was amplified by PCR using primers supplied by Jackson Laboratories to identify either the neocassette of the null mutation or the wild-type allele (forward: 5 ′ cc tgg tcc tgc tgt gtt aaa ctg ctt c-20 pmol, reverse: WT 5 ′ ctg ctg gga aat cct agg cac act tga g-10 pmol, mutant: 5 ′ gac aag acc ggc ttc cat ccg agt ac-25 pmol). PCR products identified as bands at 440 bp (wild-type) or 750 bp (mutant).
Peritoneal macrophage enrichment
Peritoneal macrophages were accumulated according to a protocol described by Edelson and Unanue 25 designed to recruit blood macrophages to the peritoneal area for harvest. Macrophages were derived from mice that did not receive choline in vivo unless otherwise indicated. The cells were diluted to 50 000 macrophages/well and used acutely for TNF quantification or plated on cover slips and used the next day for immunocytochemistry.
Macrophage lipopolysacaride stimulation and TNF quantification
TNF release was stimulated with lipopolysacaride (LPS) from Escherichia coli 0111:b4 at concentrations between 0.1-100 ng ml 21 .
The TNF concentration in the macrophage-containing media was measured after stimulation using Duoset ELISA Development System mouse TNF-alpha/TNFSFIA kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's protocol. The minimum level of detection for TNF was 10 ng ml 21 .
Macrophage immunohistochemistry
We studied the effect of choline on binding to mouse tissue macrophages to create a link between choline and the a7 nicotinic binding site on macrophages that inhibits TNF signalling. 17 a-Bungarotoxin binds selectively to a7-, 8-, and 9-containing nicotinic receptors and muscle type nicotinic receptors; 11 26 however, only a7 nicotinic subunits are known to be expressed by macrophages. 17 Macrophages used for immunohistochemistry were derived from animals that did not undergo surgery. The macrophages were plated on plain glass cover slips and incubated overnight in DMEM (supplemented with 10% FBS and penicillin 100 U ml 21 and streptomycin 100 mg ml
21
) at 378C 1.7% CO 2 , 21% oxygen. They were treated with either florescent a-bungarotoxin-488 (aBgTx) (Molecular Probes; Invitrogen, Carlsbad, CA, USA), ER-MP58 (IgM primary antibody-derived against mouse macrophage cell lines; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), or both overnight at 48C in 5% normal donkey serum (NDS) in PBS, diluted 1:500 and 1:50 from a 1 mg ml 21 stock, respectively. The samples were incubated with donkeyanti-rabbit-488 aBgTx and Texas Red donkey-anti-rat secondary antibodies for 1 h at 378C in 5% NDS (diluted 1:500 and 1:50, respectively). The cells were visualized and photographed with a fluorescent microscope (Olympus IX50, Olympus Optical Co., Japan) with a ×40 power objective lens. The total number of cells was counted with light microscopy and then the per cent positive for macrophages (Texas Red), aBT-green, or both was determined. The total number of cells was counted with light microscopy and then the per cent positive for macrophage marker ER-MP58 (Texas Red), aBT-488 green, or both was determined. All chemicals and buffers were purchased from Sigma Corporation (St Louis, MO, USA) unless otherwise specified.
Data analysis
The time course of natural recovery from surgery was evaluated by comparing postoperative nociceptive reflexes with baseline responses using the Kruskal-Wallis test. The behavioural response to choline after 48 h infusion was fit with the sigmoidal equation:
) using non-linear mixed-effects modelling (NONMEM; Globomax, Ellicott City, MD, USA) and an additive error model. E 0 is the response without choline, E MAX the and p the slope function. The values were computed and compared with Microcal Origin 8.0 (Northampton, MA, USA). TNF production was compared by genotype with a two-tailed t-test. Observations are summarized as mean (SDs). When comparing groups, mean observations are reported and graphed using standard error of the mean. For derived parameters (ED 50 ), standard error is reported. P,0.05 was considered significant in all statistical tests.
Results
Behavioural experiments
The surgical procedure enhanced nociceptive reflexes in response to heat and punctate mechanical stimulus (Fig. 1A  and B) . The reflex response to heat was significantly greater than immediately after surgery by postoperative day 5 (on day 6, P,0.01 and ,0.001 thereafter; Kruskal-Wallis with Dunn's multiple comparisons test). The threshold for response to a punctate stimulus was also stable from immediately after surgery until postoperative day 5 (on day 6, P,0.05 and thereafter ,0.001).
Chronic s.c. choline infusion reduced heat hypersensitivity after surgery with maximal efficacy after 48 h of infusion ( Fig. 2A) . The ED 50 choline dose was 1.7 (0.3) mg kg 21 h 21 .
Choline was not fully efficacious but increased heat latency to a maximum of 5.3 (0.3) s (51 individual observations). Treatment with choline also increased withdrawal threshold to a punctate stimulus 48 h after surgery (Fig. 2B ). The ED 50 was 4.7 (3.4) mg kg 21 h 21 choline for the pressure stimulus, and the maximum threshold was 9.9 (0.0) g (53 individual observations). There was minimal change in response to the punctate stimulus 24 h after surgery with choline infusion. There were no gross behavioural changes at any concentration of choline. All mice retained righting reflex at all choline concentrations (data not shown). . However, the a7 nicotinic knockout mice had significantly less antinociceptive response to choline in both heat latency (P,0.05) and pressure threshold (P,0.01) when compared with the wild-type mice (Fig. 3A and B) . Heterozygote animals had intermediate responses. There was no difference in response by sex (data not shown).
Macrophage experiments
About 83-91% of cells derived from peritoneal lavage stained positive for the macrophage marker ER-MP58. There was no difference in the number of macrophages derived from wild-type and knockout mice. From wild-type mice, 85% of the cells that stained with the macrophage marker also were positive with a-BgTx-488. In the presence of choline (100 mM), staining for a-BgTx-488 was reduced (24%, P,0.001), but staining for the macrophage marker was not affected. Cells derived from a7 knockout mice had a similar number of macrophages with substantially less binding to a-BgTx-488 (31%, P,0.001). Stimulation of macrophages with LPS resulted in enhanced TNF release. Macrophages derived from animals that had undergone surgery released more TNF than those that had undergone a sham procedure (Fig. 4A , ANOVA P,0.001). Treatment with choline in vitro reduced the amount of TNF released with an EC 50 of 13.9 (3.1) mM choline in sham surgical mice and 5.3 (0.9) mM choline in post-surgical animals ( Fig. 4B and C) .
Macrophages from a7 knockout animals produced less TNF than those from wild-type animals when stimulated with LPS 100 ng ml 21 ( Fig. 4D , P,0.05). Millimolar concentrations of in vitro choline were effective in TNF reduction in macrophages from wild-type animals but also significantly reduced TNF concentrations in a7 knockout animals (Fig. 4E ).
Discussion
Treatment with systemic choline has moderate antinociceptive efficacy after surgery in mice. Choline-treated animals responded as if they were tested on postoperative day 5. The decreased response to both heat and punctate stimuli is at least in part due to activity at a7-containing nicotinic acetylcholine receptors as it was significantly attenuated in a7 knockout mice.
In electrophysiological experiments, activation of a7 nicotinic receptors with choline results in a rapid inward current conducted by calcium and sodium that quickly desensitizes. 11 Pilot experiments suggested that acute treatment with choline may reduce postoperative nociceptive reflexes (data not shown). However, if the effect quickly dissipated, this would be of little clinical utility. Continual exposure to the choline did not appear to dissipate over the 48 h period tested; rather the antinociceptive effect evolved over the 48 h studied. The fact that the antinociceptive effect of choline evolves more than 48 h of treatment may suggest an anti-inflammatory action or otherwise accelerated healing. One limitation of the paw incision model is that the wound that we induced was so small that it was difficult to classify erythema, oedema, and other clinical signs of wound integrity. Formal studies of wound strength and integrity would be interesting to pursue in the future. a7 nicotinic acetylcholine receptors have been described on macrophages and microglia where they have antiinflammatory effects through a pathway mediated by the inhibition of TNF release. 17 27 The slowly developing antinociception could potentially be due to decreased wound inflammation after surgery. We have shown that TNF release is enhanced even by our relatively minor surgical procedure. Our immunocytochemistry studies show that high-dose choline prevents binding of a-bungarotoxin-488. However, macrophages from a7 knockout mice also had a small amount of residual a-bungarotoxin binding that could be due to the presence of other sensitive receptors, perhaps specific to macrophages. The original investigators that produced this line of a7 nicotinic knockout mice showed that there was no a-bungarotoxin binding in the hippocampus, but macrophages have not been studied in vitro. 23 Other nicotinic subunits are expressed alveolar macrophages on the mRNA level including a3-a6, a9, and a10. 28 Indeed, LPS stimulation causes up-regulation of both a7 and a10 nicotinic subunit expression, 29 but it is not known what role activation of different receptor combinations by high-dose choline and bind a-bungarotoxin-488 might play in pain or inflammation. Macrophage TNF release is inhibited by choline in vitro, but only at millimolar concentrations that are not likely to be achieved in vivo. Baseline choline concentrations in rodents (and humans) are 10 mM and have only been reported to be elevated by 10-fold with supplementation. 30 The high concentrations of choline that we and others have used in vitro may have a non-specific action or action at another type of nicotinic receptor expressed by macrophages from a7 knockout mice because choline reduces TNF release irrespective of genotype. The work in sepsis models has shown the importance of a7 receptors in behavioural assays, but the macrophages studied in vitro were from the RAW macrophage-like cell line; macrophages from a7-receptor null animals have not been studied. 31 Moreover, it is possible that the anti-inflammatory action of choline is not systemic, but rather local, in the wound, to prevent peripheral sensitization and perhaps improve wound integrity as suggested by the recent results of Gurun and colleagues. 13 Choline loading before surgery may provide a natural analgesic adjuvant with low toxicity. Choline is currently available as a nutritional supplement in the USA and is thought to be important for pregnancy and lactation. 32 33 However, as choline is not fully efficacious, evaluation of its interaction with other analgesic agents, including opioids and non-opioid analgesics, will be of interest. Wang and colleagues 12 have previously suggested a synergistic anti-hyperalgesic interaction between choline and aspirin in response to a formalin challenge. Further studies will be required to determine whether choline supplementation may have anti-inflammatory activity, reduce pain, and the requirement for other analgesics after surgery in humans.
